Abstract. The eddy current transformer(EST) of the transformer type is used to construct a sensor for investigating titanium sheets joined by a welded joint. The article provides the key technical information about the eddy current transformer used and describes the methodology of measurements that makes it possible to control defects in the welding seams of titanium alloys. It is capable of automatically changing the filtering cutoff frequency and operating frequency of the device. The designed measuring system eliminates the main drawback of eddy current transformers (the small area of the electromagnetic field), simultaneously significantly reducing the noise level due to the use of high-quality amplifiers and filters, and searches for defects in and alloys of different metals. A measurement procedure that allows one to perform high-accuracy monitoring of flaws in different alloys is described. Experiments were conducted on welded BT1-0 titanium plates. The article contains the results of these measurements. The dependence data facilitates the assessment of the quality of welding seams and helps make an educated conclusion about welding quality.
Introduction
Titanium alloy is widely used in aerospace industry and military products because of its excellent over-all properties. Laser welding is greatly fitted to weld titanium alloy sheets because of its marked features such as energy concentration, small heat input, good formation of weld, purification effects and so on. However, porosities and other defects will occur in the weld because of quick cooling velocity and bad protection [1] . Because the fatigue life will reduce when there are porosities and other defects in the weld, catastrophic accident will take place in some severe states, so nondestructive testing must be done to ensure the security of important structures. A threedimensional nondestructive testing software environment based on CAD which can rapidly and reliably evaluate the structure integrity of aircraft parts with complex structure were established by W. Deng et al [2] . Eddy current and thermography testing were adopted to detect carbon fiber intensified composite nondestructively by X. E. Gros et al [3] . Ultrasonic testing (UT) of titanium welds has low repeatability, low sensitivity, high cost and high intrusion into the manufacturing process. 20 Conventional UT would struggle to find a 2mm diameter pore in a titanium weld in a stress joint, although radiography could [4] . On the other hand, Horn et al reported being able to reliably detect subsurface pores of diameter 0.2-0.3mm diameter in 30 mm thick UNS R56401 titanium, using high sensitivity radiography [5] . Eddy Current Testing (ECT) is being considered as a replacement for the penetrant testing of titanium based components. Past experiments demonstrated that testing of titanium components can be accomplished using significantly high frequencies in the ECT range [6] . The traditional industries of industrialized countries, the cost of quality control products are 1 -3% of the cost of production, and in industries such as defense, nuclear, aerospace, the cost of quality control of products increased to 12 ÷ 20% [7] . Despite a significant number of modern means and methods of defectoscopy of, the majority of the presented methods do not allow to scan quickly. Most of flaw detection methods may be used only in the laboratory, using complex technical instruments. Portable diagnostic methods materials relative little functional. Despite the possibility of finding defects, they are not designed to evaluate the degradation of the material and do not allow to conclude the possible timing of its further use and the risk breakdowns. This is due to the inability to simultaneously scan at different depths, search and analysis ultrasmall defect and scanning in real time. In this context, an urgent task is to develop eddy-current measurement systems based on miniature eddy-current transformers designed for local measurements of electrical conductivity in inhomogeneous materials, finding defects in alloys and predict the reliability of technical systems. L. Barbato et al. [8] scanned two aluminum plates with a model flaw in the center and tested cracks between the plates. The diameter of the measuring winding was 7 mm. The scanning was performed at 1 and 5 kHz. In this case, the penetration depth of eddy currents into the studied plates at the above mentioned frequencies was 3.82 and 1.71 mm. The analysis of a recent investigations points to the miniaturization tendency for eddy-current transformers. transformers with a size of 5 × 5 mm and a 0.15 mm diameter of the wire have been designed [9] . However, they do not provide the required penetration depth and localization of the magnetic field that are necessary for local measurements in different nonuniform media. Ferrite magnetic field concentrators are often used to increase the area of the magnetic field. A similar design provides an advantage that is related to the absence of the scatter of eddy currents. In addition, a 2.5 mm penetration depth is attained. In this connection, the challenge is to design eddycurrent transformers that provide a penetration depth of up to 5 mm and an area of 2500 μm 2 . Since the eddy-current inspection method is insensitive to non conducting paint layers, it can also be used for diagnosing parts with paint coats.
Material Choices and Design
We have developed a eddy-current transformer for local monitoring of the physical parameters in titanium-alloy plates and weld seams. In contrast to existing sensors, it permits local measurements with sections measuring a few microns, to depths of the order of 5 mm. The electrical conductivity of the alloy is directly measurable, and its distribution over the sample surface and thickness may be readily established. The eddy-current method is based on the dependence of the current magnitude and distribution on the geometric and electromagnetic parameters of the sample and on the mutual position of the sensor and the sample. The basic informative parameter β0 is a generalized characteristic of the object and the eddycurrent sensor [10] . The dimensionless parameter is defined as follows:
, D 1 is the mean diameter of the exciting winding; h is the distance from the equivalent turn of the exciting winding to the sample; ω is the frequency of the electromagnetic field, Hz; μ0 is the magnetic constant; and σ is the conductivity, S. We need to develop an adequate model of the response of a eddy-current transformers of plate type, which are sensitive to many variables and permit reproduction of the voltage hodograph at small values of β0. We have plotted hodographs illustrating the influence of various parameters on the induced voltage on the basis of the proposed model. The eddy-current transformer is connected to the sound board of a computer with special software that controls the voltage at the transformers exciting winding and also reads the voltage at the measuring winding. On the basis of preliminary calibration, these readings are converted to values of the electrical conductivity. The windings are wrapped around a core of 2000 NMZ ferrite (relative magnetic permeability μ max = 500 or else of 81NMA alloy annealed by a special method. The core consists of a tetrahedral pyramid (height 1 mm),with a square base (sides of 0.2 mm). The eddy-current transformer (Figure 1 ) is a transformer with measuring (1), exciting (2) , and compensation (3) windings and a magnetic circuit 4, which is located inside the cylindrical platform 5 with tracks that are cut on the external side for windings. The platform is impregnated with a
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Materials and Processing Technology compound 6 at a temperature of 200°C to prevent the disintegration of the windings when the ferrite screen 7, which is intended for the localization of the electromagnetic field on the tested object, is put in place. From the outside the transformer is contained in a corundum washer 8, which protects the core 4 from contacting the tested object. The measuring winding rests on the points of the pyramid, which improves the localization of the magnetic field. Such transformers permit effective localization of the magnetic field, so that defects as small as 250 μm may be detected. In addition, the magnetic field penetrates into the sample to a considerable depth when working at relatively low frequencies.
Fig. 1. Scheme of transformer
A set of measurements was performed on VT1-0 technical titanium plates that were connected by welded seams to demonstrate the appropriateness of the proposed unit for the determination of the quality of welded seams. The plate thickness was 5 mm and the width of the welded seam was 5 mm. Before the measurements were started, the transformer was calibrated. The calibration consisted of the determination of the induced voltage from the flawfree sector. Prior to the measurements, the sensor was calibrated by determining the supplied voltage from the area free from defects.
Experimental Results
In order to determine the homogeneity of the welded joints, the specimens were scanned along the surface of the welded joint. No large changes were found in the signal amplitude. The results of the experiments for the specimen No. 1 are presented in Figure 2 .
Materials Science Forum Vol. 906 149 The experimental results indicate the relatively homogeneous structure of the welded joint but do not provide any information on the quality of the welded joint. The results of these experiments can be used to make conclusions only on the uniformity of distribution of defects along the welded joint or on the absence of defects.
In the next stage of the experiments, scanning was carried out across the welded joint. The experimental results are presented in Figures 3,4 .
In the experimental specimens, the effect of a low-quality welded joint on the supplied voltage is directly indicated by the large decrease of the signal amplitude in the region of the welded joint in comparison with the region of the sheets. The experimental results were used to conclude that the quality of the welded joint in specimen No. 1 is low. The low quality of welding was also confirmed directly by sectioning the welded joint. Scanning of specimen No. 2 showed that there are no deviations of the signal amplitude within the limits of the welded joint. Examination of the sections of the welded joint in specimen No. 2 showed the high quality of the welded joint. Additional experiments were carried out in simulation of a similar amplitude drop. In these experiments, two titanium sheets of the same thickness were placed in tight contact and subsequently the interface was scanned with a scanning frequency of 1600 Hz. The results of the experiment are presented in Figure 5 . These experiments yielded dependence identical to that shown in Figure 3 (a) in the region of the welded joint in the specimen. The signal amplitude in the region of the interface decreased by more than an order of magnitude in comparison with the signal amplitude from the sheets.
Conclusions
The experimental results show the high efficiency of the proposed method for finding defects in welded joints in titanium alloys and in evaluating the quality of welded joints. As a result of the changes in the signal amplitude of the ECT in the area of the welded joint, it is possible to determine accurately the boundaries of the welded joint and the low quality of the weld is clearly indicated by the large decrease of the signal amplitude. Similarly, the dependence obtained in scanning the second specimen with the high welding quality showed no large changes in the signal amplitude.
